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Although numerous theories have been proposed to explain breakdown in dielectric liquids, a unified understanding of its origin is still lacking. Measurements of such breakdowns are difficult because it is an ultrafast transient event, lasting only nanoseconds. Within that time, quantities of interest such as conduction current can change from milliamperes to tens of thousands of amperes. Moreover, even by taking extreme precautions such as using isolation transformers and well-shielded cables, the electromagnetic radiation associated with breakdown can strongly disturb electronic equipment. Such problems pose great difficulties for investigation of electrical breakdown events based on electrical measurements.
In the present study, an optical method based on a laser-schlieren system was used and the spatial development of electrical breakdown in liquid hydrocarbons was recorded photographically.
Early breakdown experiments using schlieren techniques were performed by Farazmand,l Hakim and Higham,2 and Chaband and Wright. 3 However, the electrode geometries used were of the point-point, point-plane and sphere-sphere type, making the electrical field calculations complicated. The work of these investigators was limited in temporal 201 resolution by the use of conventional light sources requiring prolonged exposures. Thomas took advantage of the development of high intensity laser sources and used a very fast laser pulse as the light source for schlieren studies of prebreakdown events. 4 In the present study, 15 nanosecond pulses produced with a ruby laser were used to illuminate the space between two parallel plate electrodes.
In this manner, it became possible to photograph density gradients produced in liquid hydrocarbons by the electronic charge carriers moving under the influence of a rapidly-applied electrical stress. This paper presents some of the experimental results obtained and discusses their significance.
EXPERIMENTAL TECHNIQUE
The experimental setup used in this investigation is basically the same as that described by Thomas. 4 A simplified diagram of it is shown in Figure 1 . The Q-switched ruby laser was supplied by Holobeam, Inc. When the Pockel cell of the Q-switch is triggered, a laser pulse of 15 ns duration is generated. This pulse passes through a beam splitter (B.S.) and one beam is delayed with respect to the A parallel plane electrode system was used. The cylindrical brass electrodes had a one inch diameter and were spaced 6 mm apart. The edges of the electrodes were rounded (VDI type) and the surfaces were polished to a mirror finish.
Since parallelism is extremely important in this plane-plane configuration, careful alignment is essential.
In this setup, the upper electrode was fixed and the bottom electrode was adjusted by means of a universal motion drive. The images of the electrodes were optically magnified onto a screen which permits monitoring of their positions for fine adjustments.
The test liquids (toluene, benzene, n-hexane, and isooctane) were Phillips research grade (99.9% purity).
The liquids were first dried by contact with sodium ribbons for two days. Then they were subjected to several cryogenic distillations. A typical process would involve three such distillations. The liquid was then transferred to the test cell using pressurized nitrogen. Throughout the distillation and transfer process, the liquid was in contact either with vacuum or nitrogen. The probability of oxygen being reabsorbed is estimated to be negligible.
In conjunction with the schlieren studies, a light detection system was added. A photomultiplier tube (PMT) was mounted just outside one of the windows of the test cell. The window material was either pyrex or sapphire. The latter permits the passage of uv light of wavelengths down to 200 nm. Either an RCA 4832 or RCA 4837 phototube was used. The first one has broad band response characteristics while the latter is sensitive only to uv light. In the light emission experiments, the laser is not activated and the PMT is displayed simultaneously with the breakdown voltage waveform on the dual-beam scope. For low light-emission levels, an amplifier with extremely fast risetime of about 1 ns was used to avoid distortion of the emitted light-pulse waveforms.
EXPERIMENTAL RESULTS
The time for the collapse of the applied voltage, i.e. the time for the actual breakdown event was deduced from voltage traces displayed on the oscilloscope such as the one shown in Figure 2 . From these traces it was decided that the breakdown event lasts less than 500 ns. The time lag between the instant the applied voltage reaches its crest value and the occurrence of breakdown is not reproducible in accordance with the well-known statistical nature of the breakdown mechanism. The triggering of the laser via the delay generator shown in Figure 1 , will not always produce a beam at the desired instant. The photographic study of the prebreakdown and breakdown events is, therefore, a hit and miss operation. Many hundreds of pictures were taken and only a few showed events of interest to this study.
It appeared necessary to undertake a search for an event that could be used to "self-trigger" 
emission process prior to breakdown. The results of this study are illustrated in Figures 3 and 4 . In all pictures, the upper trace shows the voltage pulse while the lower one indicates the output of the PMT. To establish the spectral quality of the light emitted, comparisons were made of the effect of phototube and window quality. As
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(210 shown in Figure 3 , the majority of the light emitted occurs in the uv range, independent of the nature of the liquid. The influence of pending breakdown on light emission is illustrated in Figure 4 . As soon as the voltage stress rises, light emission takes place, increasing in more or less proportionally with the voltage until the latter's crest value is reached. In n-hexane, less light is emitted than in toluene.
In the latter case the light pulses are so frequent that they seem to form a continuous band.
In iso-octane, their frequency and amplitude appears to be similar to hexane.
It should be pointed out that the picture shown for n-hexane prior to breakdown represents a "virgin" condition, i. e. the system had not experienced a breakdown as yet. The second photograph for n-hexane depicts the light emission immediately before the first breakdown. The other traces shown are "typical" pictures obtained after several breakdowns had occurred. The change in light emission frequency and amplitude taking place between the "virgin" condition and after subsequent breakdowns is very noticeable. At this time it appears that this change is due most likely to the damage produced on the electrode surface by the first breakdown. Recycling of the fluid through a 0.5 micron pore size filter did not restore the "virgin" condition. The breakdown pictures in Figure 4 show a definite increase in the amplitude of the emitted light about 0.5 ~s before collapse of the electric field.
This increase is different for each liquid suggesting that the light emission process is related to the liquid's molecular structure. The sudden surge in intensity agrees well with previous observations.
The schlieren photographs showed that electrical breakdown consists of three stages: pre-breakdown, breakdown, and post-breakdown.
Figures 5a and 5b are a pair of photographs of the pre-breakdown stage taken by the schlieren system in the crossed beam configuration. Figure 5b was recorded 40 ns after Figure 5a . The initiation of breakdown is characterized by small, narrow cavitations near the cathode surface. After 40 ns the tiney structure had developed into a well-defined streamer, propagating almost half-way between the electrodes. Hence, the velocity of the streamers is approximately 10 7 cm/sec.
Typical breakdown pictures are shown in Figures 6a and 6b. After the streamer bridged the gap, rapid current discharge flows through this conductive channel. By impact excitation and/or ionization, more ions will be produced and form a plasma column.
It is interesting to note that the plasma columns were mostly crooked, suggesting they had been subjected to lateral forces. In contrast to the breakdown events, the postbreakdown pictures (Figures 7a, 7b, 7c, and 7d) were marked by extensive propagation of shock waves from the plasma column. A very interesting feature was the carrier ejection from the anode electrode, moving in the cathode direction. The structure never bridged the gap but gradually became more diffuse. (Compare Figures 7a and 7b as well as Figures 7c and 7d . The latter two pictures were taken more than 10 ns later with respect to the collapse of the electrical field than those shown in Figures 7a and   7b . )
DISCUSSION
The origin of micro-cavitation at the electrode-liquid interface had long been a topic of interest. Recently, a model for conduction and breakdown in liquids had been proposed by Thomas and Forster. 8 The proposed scheme based on some two dimensional calculations of Thomas 9 assumed that the electrons are being ejected from local asperities on the cathode surface by field enhancement. This agrees very well with the schlieren observations that no streamers have been observed originating from within the liquid. Once electron bombardment starts, the liquid will be heated locally. Together with electron-induced liquid motion, a region of low density will form and effectively increase the electron mean free path. The electrons, accelerated under the high electric field with fewer collisions, will gain increasing energy and cause impact excitation and/or ionization of the molecules. The excited molecules will emit light on decaying to lower energy quantum states. Within the low density region, electron avalanche processes may develop leading to breakdown. The pattern of light emission will follow the growth or decay of these micro-cavities whose fate is determined by the flux of the ejected electrons.
The light emission data seem to support this growthdecay theory because the emitted light does show different intensities and occurrence rates. For breakdown, a rapid rise in light emission occurs just prior to breakdown. If there is no breakdown (applied voltage is the same), the light intensity will slowly decay, as shown in Figure  4b . When the applied voltage is much below the breakdown strength, it is possible to observe isolated light pulses. The last two cases indicate that the ejected electrons do not have enough energy to sustain cavitation growth long enough to create an avalanche. When these cavities grow, the high electric field will elongate the cavity into a streamer--a filamentary cavity with a plasma inside.
Inspection of Figure 5b reveals that small shock waves had already been created.
As the streamer bridges the gap and forms a highly conductive path between the electrodes, large currents will flow through it. The tremendous ionization and the associated energy release will expand the filament into a column as shown in Figures 6a and 6b . The plasma columns had been distorted laterally in both cases, suggesting the perturbing force most likely is the Lorentz force between the discharge current and the magnetic field induced by the current. Another noticeable feature of post breakdown events is the electron ejection from the anode shown in Figure 7 . The field reversal caused by pre-breakdown space charge distribution can turn the anode into a '~ir tual cathode." Since the negative field decreases gradually to zero at some distance away from the anode, it explains well why the propagation pattern of these ejected electrons is much slower and more diffuse than the streamers in the pre-breakdown cases.
Propagation of these electrons is further impeded by the decaying E-field because eventually E will be zero everywhere following the redistribution of space charge.
The electrical breakdown is a high power process, as evidenced by the post-breakdown photographs.
Taking 3 pf as the electrode capacitance, an impulse breakdown of 250 kV lasting 500 ns has 2 megawatts associated with it. With that power inside the plasma column of about 1 mm diameter, it is not surprising that large shock waves are observed. The joule heating is probably extremely high. The current passing through such breakdown column has been verified to be in excess of 5000 amperes. Graphitic structures have been identified by transmission electron microscopy in residues removed from the liquid after several breakdowns. This finding implies a spark temperature in excess of l400°C.
CONCLUSIONS
Although the present data are not extensive, they have shown clearly the development of various stages of electrical breakdown in liquid hydrocarbons. Details of the schlieren pictures have been explained in terms of classical electromagnetic theory. With improved instrumentation, such as a self-triggering device based on the early light emission, it should be possible to test these explanations quantitatively.
